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a b s t r a c t 
In this work, the surface cracking features of tungsten armor under thermal shock loads by edge-localized 
mode (ELM) were investigated by means of computational fracture mechanics analysis. For the simulation 
it was assumed that a small crack was initiated at low temperature after the shut-off of thermal load in 
contrast to the previous studies where the presence of a crack before thermal loading was assumed. 
The threshold power density for surface cracking was predicted to range between 0.3 and 0.6 GW/m 2 
while the threshold of base temperature lay between 200 and 400 °C. The theoretically predicted damage 
map agreed well with the experimental data from electron beam irradiation tests. The current simulation 
model turned out to match better to the real experimental observation than the previous predictions 
where the threshold base temperature lies roughly between 400 and 600 °C. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Tungsten has been considered as the most promising armor
aterial for plasma-facing components (PFCs) in fusion reactors
uch as divertor target and ﬁrst wall. In the fusion reactor, the
ungsten-armored PFCs shall be subjected to signiﬁcant surface
eat ﬂux loads due to radiation and particle bombardment from
he plasma. In ITER and DEMO, the stationary heat ﬂux load is ex-
ected to reach 10 MW/m 2 during normal plasma operation and
p to 20 MW/m 2 during slow transients [1] . On the other hand, a
arge amount of energy is deposited onto local areas of the armor
urface in a very short period. Such transient thermal loads are in-
uced by different types of plasma instability taking place during
okamak operation (e.g. ELMs) [2] ). 
There are plenty of experimental reports on the detrimental
mpact of intense transient thermal shock loads on the tungsten-
ased materials where the thermal shock loads were simulated by
eans of high power electron beam or hydrogen beam with short
ulses. One of the pioneering works on this topic is the ELM-like
hermal shock tests using electron beam irradiation by Linke and
oworkers [3–5] . Under typical ELM-like thermal shock conditions
 ∼1.3 GW/m 2 ), they observed a systematic trend of damage for-
ation and evolution on the heat-loaded surface. Typical damage∗ Corresponding author. Tel.: +49 89 3299 1373. 
E-mail address: you@ipp.mpg.de (J.-H. You). 
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for crack appearance map, Nuclear Materials and Energy (2016), http://eatures were surface cracking or surface roughening due to plastic
eformation. The patterns and severity of damage showed a clear
ependence on the deposited power density, base temperature of
rmor samples, number of pulses and material grade. It turned out
hat there was a threshold in power density and base temperature
elow which no visible damage was observed. In the literature, an-
lytical studies on cracking condition and numerical prediction of
racking pattern on tungsten surface under high heat ﬂux loads are
ound [6,7] , where the cracking pattern was simulated using a ded-
cated code (PEGASUS-3D) with the maximum stress-based failure
riterion. On the other hand, fracture mechanics-based computa-
ional analyses of this topic were recently reported by the present
uthors where crack tip loads were assessed by means of energy
riterion of failure and ﬁnite element method. In a series of arti-
les [8–10] , they clariﬁed the mechanism of cracking, predicted the
racking paths and patterns and assessed the driving force of crack
ropagation on the computational basis using ﬁnite element analy-
is (FEA). Finally, they could construct a damage map as a function
f power density and base temperature which agreed fairly well
ith the experimental data. 
In the previous studies, a pre-existing surface crack was as-
umed in the model prior to thermal loading. This resulted in
 signiﬁcant overestimation of the crack tip loads ( J -integral) for
nset of crack leading to a conservative estimation of the dam-
ge thresholds. In this work, a more realistic simulation was car-
ied out by assuming crack initiation after cooled down to the
ase temperature (that is the end of passive cooling). Comparativender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. (a) Schematic illustration of the model geometry, (b) two-dimensional FE model created for the right half of the vertical cross section. The mesh consists of axisym- 
metric elements reﬂecting the rotational symmetry of the model, (c) reﬁned mesh in the vicinity of the crack. . 
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uestimations of the J -integrals and the damage thresholds are pre-
sented for the two different crack initiation models. A new damage
map is produced for a wide range of ELM-like thermal shock load-
ing parameters. 
2. Finite element modeling 
The ﬁnite element (FE) model used for this study was created
considering the typical test settings applied for the thermal shock
experiments carried out at electron beam irradiation facility JU-
DITH in Forschungszentrum Jülich. The reference geometry consid-
ered for the FE model is a disk-shaped sample of tungsten armor.Please cite this article as: M. Li, J.-H. You, Cracking behavior of tungsten
for crack appearance map, Nuclear Materials and Energy (2016), http://or simplicity, a reduced dimension of Ø 6.7 mm × 5 mm was used
nstead of the original sample size of 12 mm × 12 mm × 5 mm (see
ig. 1 (a)). In the analysis, a simpliﬁed two-dimensional axisymmet-
ic FE model was used which represents the right half of the verti-
al cross section with the left edge as the rotational symmetry axis
see Fig. 1 (b)). The simulation tool was the commercial FEM code
BAQUS [11] . The FE model consists of 15,0 0 0 linear quadrilateral
lements. The mesh was suﬃciently reﬁned in the vicinity of the
re-crack where the element size was reduced down to 1.25 μm
see Fig. 1 (c)). A pre-crack positioned 1.2 mm away from the cen-
er of the heat-loaded area is chosen as a typical crack appearing
ithin the heat-loaded area [10] . The material properties [12,13]
sed in this study are listed in Table 1 .  armor under ELM-like thermal shockloads II: A revised prediction 
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Table 1 
Properties of tungsten at selected temperatures [12,13] . 
20 °C 400 °C 1200 °C 20 0 0 °C 
Young’s modulus (GPa) 398 393 256 285 
Yield stress (MPa) 1384 947 346 57 
Heat conductivity 
(W/m K) 
173 140 105 99 
Speciﬁc heat (J/kg K) 129 141 163 180 
Coeﬃcient of thermal 
expansion (10 −6 /K) 
4 .5 4 .63 4 .98 5 .43 
Density (kg/m 3 ) 19 .3 19 .2 19 .0 18 .7 
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I  In this work, two cases of crack initiation scenarios are as-
umed, namely, 1) a crack is pre-existing already prior to thermal
oading, 2) a crack is initiated after the sample is cooled down
i.e. at the end of cooling stage). For modeling, a small crack (ini-
ially 20 μm long) is created into the armor surface either before
hermal loading or after cooling, respectively. To calculate the J -
ntegral for the pre-crack inserted at the end of cooling, the stress
elds calculated for a crack-free body is read into the model as ini-
ial conditions for the subsequent fracture mechanics analysis. In
oth cases, it was veriﬁed that the J -integral values exhibit the re-
uired path independence. The simulation procedure is as follows:
1) transient thermal conduction analysis to calculate the temper-
ture evolution, (2) elasto-plastic analysis to calculate the thermal
tress and plastic strain (with or without a pre-crack), (3) elasto-
lastic analysis to calculate the elastic recovery and residual stress
n the basis of the crack-free stress ﬁeld imported from step 2
with a pre-crack), and (4) post-processing to calculate the crack
ip loading ( J -integral) in steps 2 and 3. J -integral is a measure of
he driving force for crack extension. If the magnitude of J -integral
or a pre-crack is larger than the critical value (i.e. fracture energy),
he pre-crack is supposed to extend to a ﬁnite length. J -integral at-
ains its maximum value under tensile crack tip load during cool-
ng. The virtual crack extension technique was employed to com-
ute the J -integral within the framework of FE formulation. 
It should be noted that the axi-symmetric two-dimensional
odel used here can produce only circular cracks, and such a crack
onﬁguration does not fully match the actual crack network pat-
ern observed. However, the largest driving force for cracking is
ominated by the radial component of tensile residual stress. This
eans, surface cracks are bound to initiate ﬁrstly along the hoop
irection with regard to the beam axis. Furthermore, the crack
ength considered in this work is very short, so the J -integral es-
imated from the two-dimensional model could be regarded as a
ood indicative estimate for the real cases and a reasonable com-
romise between computational costs and accuracy. Fig. 2. Temperature and residual stress ﬁeld computed for the deposited ther
Please cite this article as: M. Li, J.-H. You, Cracking behavior of tungsten
for crack appearance map, Nuclear Materials and Energy (2016), http://. Results and discussion 
Fig. 2 shows the temperature and the residual stress ﬁeld pro-
uced in the near-surface region of tungsten armor at the power
ensity of 1.27 GW/m ² at a base temperature of 20 °C. It is seen
hat an extremely steep temperature gradient builds up within
he depth of 1 mm where the temperature difference in the ver-
ical direction is larger than 20 0 0 °C and the surface temperature
eaches 2660 °C. The very strong temperature gradient has a non-
inear proﬁle as it is generated by a transient thermal load thus
nducing thermal stress. The very high temperature near the sur-
ace produces large thermal expansion strain locally near the sur-
ace within the heat ﬂux loading area. On the other hand, the sur-
ounding region remains only in a relatively cold state as the pulse
uration time is not long enough to allow long range heat conduc-
ion for uniform heating. The cold surrounding material is hardly
trained as the temperature change is negligibly small. Thus, the
urrounding region acts as a kinematic constraint. This large mis-
atch in thermal strain causes strong thermal stress which read-
ly leads to plastic yielding of the material within the high-heat-
ux-loaded region because the yield stress (and ﬂow stress) of
ungsten at such a high temperature is considerably reduced to a
ow stress level. Upon cooling the surface temperature decays very
ast by outward heat conduction. The entire tungsten armor begins
o undergo prompt elastic recovery, but the surface layer which
as already deformed plastically during heating phase cannot fully
ecover the original shape due to the permanent deformation
hereas the surrounding region is able to achieve complete elas-
ic recovery theoretically and thus tries to reach the original state.
fter the overall cooling, there is a big mismatch in the residual
trains between the heat loaded surface region and the surround-
ng region. This strain mismatch produces a thermo-plastically in-
uced residual stress ﬁeld as shown in Fig. 2 . During the high-
eat-ﬂux heating the surface layer experiences strong compressive
hermal stress as the excessive local thermal expansion of the hot
urface is partially restrained by the relatively colder bulk material
urrounding the heat-loaded area. Owing to the very high surface
emperature and thus signiﬁcantly reduced yield stress, the sur-
ace layer undergoes plastic yield under compression while the rest
art remains still elastic. Upon turning-off of the heat ﬂux pulse,
he material is cooled down rapidly where the surrounding bulk
aterial tries to recover its original geometry elastically. The heat-
oaded surface region, however, cannot follow this elastic recovery
ue to plastic deformation and is pulled out by the elastic restoring
orce of the surrounding bulk producing tensile residual stress lo-
ally. It turns out that the tensile residual stress in the surface layer
s higher than 1200 MPa which is strong enough to cause cracking.
f there were a small pre-existing crack or fault on the surface, themal power density of 1.27 GW/m 2 at a base temperature of 20 °C [10] . 
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Fig. 3. J -integral values of a pre-existing surface crack formed prior to thermal 
loading and of a crack initiated after cooling plotted as a function of deposited 
power density (crack length: 20 μm, base temperature: 20 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. J -integral values of a surface crack initiated after cooling with different size 
(heat ﬂux density: 1.27 GW/m 2 ). 
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t  driving force of cracking can be very high leading to further crack
growth. Since such a surface cracking phenomenon aggravates s
the erosion and damage of tungsten armor signiﬁcantly under re-
peated thermal shock loads, careful attention needs to be paid
in terms of its mechanism and impact. To this end, fracture me-
chanics can provide rigorous quantitative assessment of cracking
behavior. 
Fig. 3 shows the estimated J -integral values of a surface crack
(length: 20 μm, base temperature: 20 °C) as a function of de-
posited power density. The two data sets indicate the two cases
of crack initiation, namely, before the thermal shock loading and
at the end of cooling, respectively. The two crack initiation cases
show a completely different trend from each other. The J -integral
for the pre-crack inserted before thermal loading increases pro-
portionally with the increasing power density. At 1.2 GW/m 2 the
J -integral reaches ca. 2 mJ/mm ². On the contrary, the J -integral
for the crack created after cooling increases initially only up to
0.6 GW/m 2 , then readily reaches saturation even exhibiting a slight
decrease under higher heat ﬂux loads. The J -integral for the crack
forming at the end of cooling is signiﬁcantly lower than that of
the pre-existing crack. This feature indicates that the assumption
of a pre-existing surface crack being present prior to thermal shock
loading leads to a signiﬁcant overestimation of the crack tip loads
for crack growth compared to the case of the initially ﬂaw-free sur-
face which is to undergo crack initiation after cooling. Once a crack
has been formed on the surface under repeated thermal shock
loads, then the J -integral estimates obtained for the pre-existing
crack would be valid for the real situation. 
The deviating J -integral behavior can be interpreted in terms
of stress and strain evolutions near the crack tip. When there is
a pre-crack prior to thermal loading, the plastic strains and the
plastic dissipation energy produced during the loading and cooling
period contributes to the magnitude of J -integral [14] . The accu-
mulated plastic strain increases with increasing the power density,
so J -integral increases with increasing the power density as well.
If a crack is initiated after cooling, the crack tip load is affected
mainly by the plastic residual stress ﬁeld. As at the power density
of 0.6 GW/m 2 or above, the residual stress is nearly constant in the
central part of loading area, the J -integral is roughly constant as
well. At the power density of 0.3 GW/m 2 , plastic strain nearly van-Please cite this article as: M. Li, J.-H. You, Cracking behavior of tungsten
for crack appearance map, Nuclear Materials and Energy (2016), http://shes during whole loading and cooling phase, thus the J -integral
onverges nearly to null for both cases. 
The residual stress ﬁeld plotted in Fig. 2 manifests clearly that
he strong tensile stress ﬁeld produced during cooling phase is the
ajor driving force for crack growth of a surface crack. On the
ther hand, the fracture toughness of tungsten decreases signiﬁ-
antly after cooling when the surface temperature rapidly drops
own below the ductile-to-brittle transition temperature (DBTT).
he fracture toughness reduction promotes brittle cracking in the
old state after cooling. Initiation or propagation of a surface crack
s not plausible before that since compressive stress prevails in the
urface layer while the very high temperature keeps the material
n the surface layer ductile and soft. 
In Fig. 4 the J -integral values of a surface crack initiated after
ooling are plotted for ﬁve different crack sizes ranging from 10 to
0 μm. The J -integral data indicate the maximum values occurring
t the end of cooling after the heat ﬂux loading at 1.27 GW/m 2 .
he J -integral is shown to linearly increase as the surface crack
rows at least up to the depth of interest. This linearly proportional
ependence is due to the fact that the tensile residual stress in
he near-surface region (up to the depth of 200 μm) is nearly uni-
orm in the depth direction [10] . If the applied stress is uniform,
he strain energy release rate at the crack tip (proportional to the
quare of the stress intensity factor) is directly proportional to the
rack size. Fig. 4 indicates that once the crack has been inﬁnitesi-
ally extended, the growth process will progress by itself further
ven though the heat ﬂux loads remains same, if the momentary
 -integral is larger than the critical value. It is noted that the length
ange of crack size considered in Fig. 4 represents the mean size of
ypical grains in the tungsten samples used for the thermal shock
est experiment. 
Fig. 5 shows the J -integral values of a surface crack initiated at
he end of cooling plotted as a function of power density rang-
ng from 0.3 to 1.27 GW/m 2 and for ﬁve different base tempera-
ures ranging from 20 °C to 800 °C. Here, the crack size assumed is
0 μm. Except for the lowest power density of 0.3 GW/m 2 , the J -
ntegral drastically decreases as the base temperature is increased.
his thermal relaxation of crack tip load is owing to the reduc-
ion of the residual stress with increasing base temperature. At
he power density of 0.3 GW/m 2 , the residual stress ﬁrst increases
nd then subsequently decreases as the base temperature mono-
onically increases showing a maximum at 600 °C. It is remarkable
hat, at base temperatures of 600 °C or above, the J -integral does armor under ELM-like thermal shockloads II: A revised prediction 
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Fig. 5. J -integral for a pre-crack of 20 μm as a function of power density (0.3–
1.27 GW/m 2 ) and base temperature (20–800 °C). 
Table 2 
Critical values of the J -integral converted from the fracture toughness data in 
[15] assuming linear elastic fracture mechanics. 
Temperature ( °C) 20 200 400 600 800 
Critical value of 
J -integral (mJ/mm 2 ) 
0.1549 0.2329 0.4325 0.9582 2.4579 
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 ot show any distinctive dependence on the power density for the
hole power density range under consideration. 
Table 2 lists the critical values of J -integral converted from the
iterature data of fracture toughness [15] assuming linear elastic
racture mechanics (LEFM). This LEFM assumption is a reasonable
pproximation for the lower base temperatures up to 400 °C above
hich plastic deformation is the dominant surface damage fea-
ure [15] . At higher base temperatures the LEFM conversion may
ause an underestimation of fracture resistance. 
Fig. 6 presents the crack appearance map plotted for the rele-
ant range of power density and base temperature indicating the
hresholds for the critical loading regime where cracks may oc-
ur. The threshold parameters were determined by comparing the
 -integral values of a pre-crack (20 μm) with the critical fractureig. 6. Crack appearance map plotted for the relevant range of power density and 
ase temperature compared with the previously predicted thresholds for the critical 
oading regime where cracks may occur. 
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Please cite this article as: M. Li, J.-H. You, Cracking behavior of tungsten
for crack appearance map, Nuclear Materials and Energy (2016), http://nergy value. It is found that the threshold power density lies be-
ween 0.3 and 0.6 GW/m 2 , and the threshold base temperature be-
ween 200 and 400 °C. This result roughly coincides with the ex-
erimental data [3] , where the threshold power density for crack
ormation was between 0.15 and 0.33 GW/m 2 and the base temper-
ture threshold is between 150 and 300 °C. It is also noted that the
urrent damage map matches better with the experimental data
han those of the previous study, in which the J -integral was as-
essed for a pre-existing crack only leading to conservative estima-
ion. 
The linear dependence of J -integral on the crack size as shown
n Fig. 4 allows an extrapolation of the map for the cracks with
izes between 20 and 40 μm, which yields approximately the same
hreshold values as in Fig. 6 . For a crack of 10 μm, the base tem-
erature threshold lies between 20 °C and 200 °C, while it is about
00 °C for a crack of 50 μm. It should be noted that the current
stimation has been made on the basis of continuum assumption
hich is surely a rough approximation. Realistic microstructural
eatures would be needed for more accurate assessment. 
In this work the model is setup based on the thermal shock
est in Forschungzentrum Jülich which does not accurately stand
or the real loading situation in a fusion reactor. In the case of
eal tokamak operation, the heat ﬂux loads generated by ELMs will
ave a much more diffuse distribution along the poloidal positions,
lthough possibly there will be a peak(s). For cracking simulation
or such a case input data of a realistic ELM heat ﬂux footprint
ould be needed. 
. Conclusions 
In this work, the J -integral for a tungsten surface crack was
omputed for a wide range of ELM-like thermal shock loads by
eans of ﬁnite element simulations and fracture mechanics anal-
sis. A comprehensive parametric study was carried out for the
ower density range of 0.3–1.27 GW/m 2 and the base temperature
ange of 20–800 °C. Comparative estimations were delivered for
wo different scenarios of crack initiation, namely, a pre-existing
rack present already prior to thermal loading and a crack being
nitiated after cooling, respectively. Following features of cracking
ehavior were found: 
1. The crack inserted before thermal loading experiences more
strain energy than the crack initiated after cooling. The latter
one is more suitable for simulating the initial crack occurrence.
2. In the surface layer, the J -integral is linearly proportional to the
crack size. 
3. The threshold power density for surface cracking is predicted to
lie between 0.3 and 0.6 GW/m 2 , and the threshold base temper-
ature between 200 and 400 °C for surface cracks initiated after
cooling (size: 20–40 μm). 
4. The predicted threshold values of power density and base tem-
perature for surface cracking agree roughly with the experi-
mental data observed in the electron beam irradiation tests.
This revised prediction agrees better with the experimental
data than the previous conservative estimations [10] . 
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